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a b s t r a c t
We have previously reported that lung cellular bioenergetics (cellular respiration and ATP) increased in
4–10 week-old BALB/c mice infected with respiratory syncytial virus (RSV). This study examined the
kinetics and changes in cellular bioenergetics in r2-week-old C57BL/6 mice following RSV infection.
Mice (5–14 days old) were inoculated intranasally with RSV and the lungs were examined on days 1–10
post-infection. Histopathology and electron microscopy revealed preserved pneumocyte architectures
and organelles. Increased lung cellular bioenergetics was noted from days 1–10 post-infection. Cellular
GSH remained unchanged. These results indicate that the increased lung cellular respiration (measured
by mitochondrial O2 consumption) and ATP following RSV infection is independent of either age or
genetic background of the host.
& 2014 Elsevier Inc. All rights reserved.
Introduction
Cellular bioenergetics including mitochondrial O2 consumption
and ATP synthesis is necessary for viral survival. Viruses com-
monly alter host cellular processes including gene expression,
protein synthesis and membrane structure to facilitate viral
replication (Maynard et al., 2010). Abundant nutrients and efﬁ-
cient ﬂux of metabolic fuels are essential to support this process.
Poliomyelitis virus, for example, stimulates glycolysis and ATP
synthesis (Green et al., 1958; Levy and Baron, 1957). Similarly,
human cytomegalovirus promotes glycolysis, citric acid cycle and
nucleotide biosynthesis (Munger et al., 2006). Inﬂuenza virus
infection exerts compound effects on host cell glycolysis (Fisher
and Ginsberg, 1956; Klemperer, 1961). Thus, the metabolic impact
of a viral infection within a host cell is complex and can vary widely
between different viruses.
Cellular bioenergetics includes all metabolic processes involved
in energy conversion. Cellular respiration, on the other hand,
implies delivery of O2 and metabolic fuels to the mitochondria,
oxidation of reduced metabolic fuels and passage of electrons to
O2 to form H2O (water of oxidation).
We have previously reported that RSV induces increased
cellular respiration and ATP in the lungs of adult BALB/c mice
during the ﬁrst week of infection (Alsuwaidi et al., 2013c).
Following clearance of the virus, both cellular respiration rates
and ATP levels return to pre-infection levels. In this study, we
evaluated lung cellular respiration and ATP in neonatal C57BL/6
mice following RSV infection.
Results
Impact of RSV on lung cellular respiration and ATP in mouse neonates
Fig. 1 shows representative runs of lung cellular mitochondrial
O2 consumption on days 2, 4 and 10 post-infection. O2 concentra-
tion decreased linearly with time. The rate of respiration (kc in mM
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O2 min1 mg1) in mock infected lungs on day 2 was 0.17
(Fig. 1A); the corresponding rate in the infected lungs was 0.24
representing a 40% increase (Fig. 1B). The values of kc on days
4 and 10 post-infection were 0.32 (Fig. 1C) and 0.20 (Fig. 1D),
respectively. O2 consumption was inhibited by cyanide (Fig. 1C),
conﬁrming this zero-order kinetic process occurred mainly in the
mitochondrial respiratory chain. The reversible inhibition of cyto-
chrome c oxidase by cyanide was incomplete, reﬂecting a known
“leak” past the cyanide block (Slater, 1967). The addition of glucose
oxidase (catalyzing the reaction: D-glucoseþO2-D-glucono-δ-
lactoneþH2O2) depleted remaining O2 in the solution.
Fig. 2A and B shows the kinetics of changes in cellular
respiration (panel A) and ATP (panel B) as a function of days
post-inoculation with either RSV or PBS in 5–9 day-old-mice. The
measured bioenergetic markers were higher from days 1–10
post-infection. For days 1–10, the average (7SD) rate of
cellular respiration (kc in mM O2 min1 mg1) in mock infected
lungs was 0.11970.046 (n¼24) and in infected lungs it was
0.16170.072 (n¼29, 35% higher, p¼0.052), Fig. 2A. Cellular ATP
content (pmol mg1) in mock infected lungs was 184760 (n¼14)
and in infected lungs it was 294798 (n¼18, 75% higher,
po0.001), Fig. 2B. Both lung cellular respiration and ATP nearly
doubled on day 4 post-infection (p¼0.010 and p¼0.057,
respectively).
Fig. 2C and D shows the kinetics of changes in cellular
respiration (panel C) and ATP (panel D) as a function of days
post-inoculation with either RSV or PBS in 13-day-old-mice.
Similarly, the bioenergetic markers were also higher from days
2–10 post-infection. For days 2–10, the value of kc in mock infected
lungs was 0.09070.028 mM O2 min1 mg1 (n¼11) and in
infected lungs it was 0.16770.028, representing an 85% increase
(n¼15, p¼0.002), Fig. 2C. Cellular ATP in mock infected lungs was
175754 pmol mg1 (n¼9) and in infected lungs it was 3187178
(n¼12, 82% higher, p¼0.001), Fig. 2D. Both lung cellular respira-
tion and ATP content peaked after day 4 post-infection. Therefore,
lung cellular respiration and ATP were signiﬁcantly increased from
days 1–10 post-infection in both age groups (r9-day-old and
13-day-old mice).
In C57BL/6 mice of Z4 weeks of age, the rate of respiration (kc
in mM O2 min1 mg1) in mock infected lungs on days 3–5 post-
inoculation was 0.0770.02 (n¼7) and in RSV infected mice it was
0.1470.06 (n¼8, p¼0.004).
The augmented cellular respiration in RSV infection is lung-
speciﬁc. The heart muscle cellular respiration was unaffected by
RSV infection (data not shown). For example, on day 7 post-
inoculation, the rate of cardiomyocyte respiration in a mock
infected mouse was 0.22 mM O2 min1 mg1 and in a RSV infected
mouse it was 0.18 mM O2 min1 mg1.
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Fig. 1. Lung tissue cellular respiration in RSV infected and mock infected mice. Representative runs of cellular mitochondrial O2 consumption by lung specimens are shown.
The O2 measurements were performed at 37 1C immediately after sample collection. The lung fragments were placed in a sealed glass vial containing Krebs-Henseleit buffer
supplemented with 3 mM Pd phosphor and 0.5% fat-free albumin. The rate of respiration (k in μM O2 min1) was the negative of slope of [O2] vs. t. The values of k were
corrected for sample weight (kc in μM O2 min1 mg1). The additions of 10 mM NaCN and 50 mg/mL glucose oxidase are shown.
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Impact of RSV on pneumocyte architectures and organelles in mouse
neonates
Fig. 3 shows representative histopathology in infected and
mock infected lungs. In mock infected lungs, intact alveolar spaces
with sparse interstitial mononuclear cells are present and a few
pneumocytes with nuclear pyknosis and apoptotic debris were
noted (histopathology score¼3); caspase-3 count was o1%. In
infected lungs on days 2 and 4, an interstitial mononuclear cell
inﬁltrate was prominent with more pneumocytes exhibiting
nuclear pyknosis and an increase in apoptotic debris (histopathol-
ogy scores¼8 and 9, respectively); caspase-3 count was 1%. In
infected lungs on day 7, the inﬂammation was milder and the
caspase count was o1% (histopathology score¼7), Fig. 3. Repre-
sentative EM images of mock infected and infected lungs on days
2, 4, 7 and 10 after inoculation are shown in Fig. 4. The
pneumocyte architectures and organelles were preserved in all
studied specimens.
Impact of RSV on lung tissue GSH and IFN-γ protein levels in mouse
neonates
Cellular GSH levels were unchanged throughout the course of
infection (7 separate experiments involving 17 mice); the GSH
level was 9767170 pmol mg1 (n¼6) in mock infected lungs and
10297297 (n¼11) in infected lungs (p¼0.884). IFN-γ protein level
(pg mg1) increased in the lung tissue on day 4 post-infection
(0.37470.164 vs. 0.60070.360, n¼9, p¼0.482, 5 separate experi-
ments involving 38 mice), Fig. 6D.
Lung tissue reverse transcriptase PCR (RT-PCR) in mouse neonates
Fig. 5 shows representative RT-PCR of lung tissue from 14-day-
old mock infected and RSV infected C57BL/6 mice. The RSV
genome (334 base pair) was evident on days 2, 4 and 7 post-
infection and was absent from mock infected lungs.
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Fig. 2. Lung tissue cellular respiration and ATP in RSV infected and mock infected mice. Rates of cellular respiration (panels A and C) and ATP (panels B and D) as a function of
days post-inoculation with the RSV or PBS for 5–9 day old (panels A and B) and 13-day-old mice. Ten experiments (98 mice) included measurements of respiration. Twelve
experiments (72 mice) included measurements of cellular ATP.
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Discussion
RSV produces a serious infection in human neonates. The
underlying mechanisms that mediate the virus-induced pulmon-
ary injury in this age group, however, remain unclear. We have
previously reported that lung cellular bioenergetics is enhanced in
4–10 week-old BALB/c mice infected with RSV (Alsuwaidi et al.,
2013c). This study investigated lung cellular bioenergetics follow-
ing acute RSV infection in o2-week-old C57BL/6 mice. Our
ﬁndings conﬁrm cellular mitochondrial O2 consumption and ATP
are signiﬁcantly increased in neonates infected with RSV (Fig. 2).
Thus, the surrogate biomarkers of lung cellular energy are not age
or mouse strain speciﬁc.
The increased lung cellular bioenergetics correlated with
increased interstitial inﬂammation (Fig. 3), preserved pneumocyte
structure and organelles (Fig. 4) and increased IFN-γ protein levels in
the lung. It is worth noting that the virus strain (RSV A2), inoculation
dose and semi-permissivity of wild-type inbred C57BL/6 mice to
human RSV are potential contributors to the observed benign lung
histology and low caspase-3 immunostain (Fig. 3).
In contrast to murine lungs infected with inﬂuenza A virus
(Alsuwaidi et al., 2013a), induction of apoptosis (Figs. 3 and 4) and
depletion of cellular GSH are not present in RSV infection. Thus,
the RSV infection proﬁle (↑respiration, ↑ATP, ﬃapoptosis, ﬃGSH;
the symbol ‘ﬃ ’ indicates congruence) markedly differs from that
of inﬂuenza A infection (↓respiration, ↓ATP, ↑apoptosis, ↓GSH).
The mechanism by which RSV infection regulates lung cellular
respiration is unknown. The virus may accelerate delivery of the
reducing equivalents to pneumatocytes, up-regulate critical meta-
bolic enzymes or modulate energy conversion pathways. Further
studies are required to verify these potential mechanisms.
The measured biomarkers clearly demonstrate increased
energy expenditure in lungs infected with RSV. It is unknown,
however, if these changes are induced by the RSV infection or the
inﬁltrating immune cells (Buttgereit et al., 2000). It is worth noting
that murine lungs infected with inﬂuenza A demonstrate impaired
lung cellular bioenergetics despite the prominent inﬂammation
induced by the virus (Alsuwaidi et al., 2013a). It is also unknown
whether recovery from either RSV or inﬂuenza A infection requires
increased pneumocyte bioenergetics.
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Fig. 3. Lung tissue histopathology (H&E) and caspase-3 staining in RSV infected and mock infected lungs. Note intact alveolar spaces and scant interstitial inﬁltrates in mock
infected lung (histopathology score¼3; caspase-3 count o1%). The inﬁltrate was prominent on days 2 and 4 post-infection with pneumocytes with nuclear pyknosis and
apoptotic debris (histopathology scores¼8 and 9, respectively; caspase-3 count 1%). The inﬂammation was milder on day 7 post-infection (histopathology score¼7; caspase
count o1%). Data are representative of 4 individual experiments with 4–5 mice per experiment.
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Viral-induced reactive O2 species (ROS) are known to deplete
cellular GSH depletion and induce apoptosis (Snelgrove et al.,
2006). The ﬁndings that GSH and caspase levels remain
unchanged suggest a minimum role for ROS in RSV infection.
Inﬂuenza A virus, on the other hand, is associated with GSH
depletion (ROS production) and induction of apoptosis
(Alsuwaidi et al., 2013a; Snelgrove et al., 2006).
The impact of changes in lung cellular bioenergetics on the
understanding of RSV infection requires further investigation.
Intact mitochondria and lack of caspase activities are required to
support increased cellular energy demand (expenditure) in the
lungs following acute RSV infection. Adequate nutrition of infants
infected with RSV is essential to meet these increased metabolic
requirements. The increased nutrient demand cannot be fully met
during inﬂuenza A virus infection due to mitochondrial dysfunc-
tion as indicated by inhibition of cellular respiration and decreased
of cellular ATP (Alsuwaidi et al., 2013a).
In conclusion, intact mitochondrial function (pneumocyte
bioenergetics) and structure are hallmarks of RSV infected lungs,
supporting the increased energy demand set by the virus or
associated inﬂammation.
Materials and methods
Reagents and solutions
Pd(II) complex of meso-tetra-(4-sulfonatophenyl)-tetrabenzo-
porphyrin (Pd phosphor) was purchased from Porphyrin Products
(Logan, UT). Monobromobimane (mBBr, 271.111) was purchased
from Molecular Probes (Eugene, Oregon). Completes protease
inhibitor cocktail was purchased from Roche Applied Science
(Indianapolis, IN). Avidin-biotin immunoperoxidase was pur-
chased from Cell Signaling Technology (Boston, MA). Glucose,
GSH (mol. wt. 307.43), HPLC-grade methanol, triﬂuoroacetic acid,
A (Mock infected) B (RSV infected - Day 2) C (RSV infected - Day 4)
D (RSV infected - Day 7) E (RSV infected - Day 7) F (RSV infected - Day 10)
Pn
Fig. 4. Electron microscopy (EM) images of RSV infected and mock infected lungs. Panel A: mock infected lung showing well-preserved pneumocyte structure (arrow) and
cellular organelles (magniﬁcation 4900). Panel B: infected lung (Day 2) showing preserved cellular organelles including lamellar bodies (arrow) of type-II pneumocytes
(magniﬁcation 27,500). Panel C: infected lung (Day 4) showing the cellular organelles being well-preserved. Note the nucleus of type-II pneumocyte (Pn) and lamellar
bodies (arrow) (magniﬁcation 18,000). Panel D: infected lung (Day 7); the arrow demonstrates pleomorphic round viral particles (arrow) present outside a cell adjacent to
ﬁlamentaous viral particles just superior to it (magniﬁcation 14,000). Panel E: infected lung (Day 7) showing that most cells contained a relatively well-preserved
mitochondria; only some had swollen mitochondria (m) as seen in image. Note the cytoplasmic vesicle with viral particles (arrow) (magniﬁcation 275,000). Panel F:
infected lung (Day 10) showing the cellular details and integrity are preserved (magniﬁcation 4900). Pn—pneumocyte, and m—mitochondria. One experiment (12 mice)
was performed.
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Fig. 5. Reverse transcriptase (RT) PCR of lung tissue from 14-day-old mock infected
and RSV infected C57BL/6 mice. Molecular weight markers (MWM): 250, 350 and
450 base pair (bp) were used. The molecular weight of RSV is shown (334 bp).
Representative of two separate experiments (10 mice) is shown.
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N-ethylmaleimide (NEM, forms thioether bonds with sulfhydryls)
and remaining reagents were purchased from Sigma-Aldrich
(St. Louis, MO).
Pd phosphor, NaCN, GSH, glucose oxidase and Krebs-Henseleit
buffer were prepared as described (Alsuwaidi et al., 2013b, 2013c;
Jocelyn, 1987; Souid et al., 2001). NEM (0.1 M) was made in
ethanol and stored at 20 1C. One tablet of the Completes
protease inhibitors was dissolved in 2.0 mL dH2O and stored at
20 1C. For O2 measurement, the lung specimens were immedi-
ately placed in 1 mL glass vials containing 1.0 mL Krebs-Henseleit
buffer with 3 mM Pd phosphor and 0.5% albumin. The vials were
sealed from air and O2 concentrations were determined at 37 1C as
a function of time as described (Alsuwaidi et al., 2013b). Speci-
mens were immediately processed for ATP, IFN-γ, and PCR as
previously described (Alsuwaidi et al., 2013b, 2013c). GSH was
labeled with mBBr and analyzed on HPLC as described (Souid
et al., 2001).
RSV infection
RSV A2 was propagated in HEp-2 cells as previously described
(Alsuwaidi et al., 2013c). C57BL/6 mice, 5–14 days old, (Jackson
Laboratory, Bar Harbor, ME) were housed in a room maintained at
22 1C with 60% relative humidity. All protocols received approval
from the Animal Ethics Committee—UAE University—College of
Medicine and Health Sciences (Protocol no. A12/11). Mice were
inoculated intranasally with 4.8105 pfu, equivalent to
approximately 0.5–1.0105 pfu per gram body weight, in 15 ml
total volume of either RSV A2 or phosphate buffered saline (PBS).
Mice were grouped into RSV infected and mock infected and
remained with their mothers in separate cages. The mice were
anesthetized by sevoﬂurane inhalation (100 ml per 10 g) and
sacriﬁced on days 1–10 following infection (Alsuwaidi et al.,
2013b). Sixteen separate experiments involving 147 mice were
performed.
Histology
Specimens were immediately processed for histology as pre-
viously described (Alsuwaidi et al., 2013b, 2013c). Each section was
graded based on the following categories: (A) peribronchiolar and
bronchial inﬁltrates (none, o25%, 25–75%, and 475%); (B) quality
of peribronchiolar and bronchial inﬁltrates (none, interrupted
collar, complete collar o5 cells thick, and complete collar 45
cells thick); (C) bronchiolar and bronchial luminal exudates (none,
r25% luminal occlusion, and Z25% luminal occlusion);
(D) perivascular inﬁltrates (none, o10%, 10–50%, and 450%),
and (E) parenchymal pneumonia (none, patchy parenchymal
inﬁltrates, and heavy parenchymal inﬁltrates). A numeric score
that ranged from 0 to 26 was calculated as: “Aþ3(BþC)þDþE”
(Cimolai et al., 1992; Hardy et al., 2001).
Staining for apoptosis was performed using avidin-biotin
immunoperoxidase, which detected active caspase-3. The proce-
dure was performed on 3 μm parafﬁn sections using rabbit
0
200
400
600
800
1000
12 13 14 15 16 17 18
200pmol
100pmol
Fl
ou
re
sc
en
t i
nt
en
si
ty
min
GSH y = 3.8096e+5x 
500
1000
1500
C
el
lu
la
r 
G
SH
 (p
m
ol
 m
g-
1 )
Mock infected RSV infected
p=.884
0
2000
4000
6000
8000
10000
10 12 14 16 18 20
Mock infected
RSV infected
Fl
uo
re
sc
en
t i
nt
en
si
ty
min
GSH
0
0.2
0.4
0.6
0.8
1
1.2
1.4 Mock infected
RSV infected
Day 2
(n = 6)
Day 4
(n = 12)
Day 7
(n =11)
Day 10
(n = 9)
p=.482
L
un
g 
tis
su
e 
IF
N
-
 (p
g 
m
g-1
)
γ
Fig. 6. Lung tissue GSH and IFN-γ. Panel A: representative HPLC runs of 100 and 200 pmol GSH (retention time¼14.2 min). Panel B: representative HPLC runs of cellular
GSH in mock infected and RSV infected lungs. Panel C: summary results of GSH (7 separate experiments involving 17 mice). Panel D: lung tissue IFN-γ protein levels.
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anti-cleaved caspase-3 (Alsuwaidi et al., 2013b). Samples were also
processed for electron microscopy (EM) as previously described
(McDowell and Trump, 1976).
IFN-γ
The mouse cytokine ELISA kit (E-Biosciences, San Diego, CA)
was used to detect IFN-γ. Lung specimens were homogenized in
1.0 mL of KH buffer supplemented with 40 ml Completes protease
inhibitors. The supernatants were collected by centrifugation
(1000 g at 4 1C for 20 min) and assayed in duplicate. The
standard curve (15–2000 pg/ml) was linear (R40.99) and the
detection sensitivity was 15 pg/ml.
Statistical analysis
The nonparametric test (2 independent variables) of Mann-
Whitney was used (SPSS statistical package, version 19).
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